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Wh h l f h diff f iat are t e ro es o  t e many erent types o  potass um
channel expressed in cerebellar granule cells?
Alistair Mathie, Catherine E Clarke, Kishani M Ranatunga, Emma L Veale
Biophysics Section, Blackett Laboratory, Department of Biological Sciences,
Imperial College of Science Technology and Medicine, London, UK
Potassium (K) channels have a key role in the regulation of neuronal excitability. Over a hundred different subunits
encoding distinct K channel subtypes have been identiﬁed so far. A major challenge is to relate these many different
channel subunits to the functional K currents observed in native neurons. In this review, we have concentrated on
cerebellar granule neurons (CGNs). We have considered each of the three principal super families of K channels in
turn, namely, the six transmembrane domain, voltage-gated super family, the two transmembrane domain, inward-rec-
tiﬁer super family and the four transmembrane domain, leak channel super family. For each super family, we have
identiﬁed the subunits that are expressed in CGNs and related the properties of these expressed channel subunits to
gthe functional currents seen in electrophysiological recordings from these neurons. In some cases, there are stron
molecular candidates for proteins underlying observed currents. In other cases the correlation is less clear. We show
that at least 26 potassium channel  subunits are moderately or strongly expressed in CGNs. Nevertheless, a good
empirical model of CGN function has been obtained with just six distinct K conductances. The transient KA current in
CGNs, seems due to expression of KV4.2 channels or KV4.2/4.3 heteromers, while the KCa current is due to expres-
sion of large-conductance slo channels. The G-protein activated KIR current is probably due to heteromeric expression
of KIR3.1 and KIR3.2. Perhaps KIR2.2 subunits underlie the KIR current when it is constitutively active. The leak conduc-
tance can be attributed to TASK-1 and or TASK-3 channels. With less certainty, the IK-slow current may be due to
expression of one or more members of the KCNQ or EAG family. Lastly, the delayed-rectiﬁer KV current has as many as
six different potential contributors from the extensive KV family of  subunits. Since many of these subunits are highly
regulated by neurotransmitters, physiological regulators and, often, auxiliary subunits, the resulting electrical proper-
ties of CGNs may be highly dynamic and subject to constant ﬁne-tuning.
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Introduction
Potassium (K) channels play an important role in a
number of different aspects of the electrical responses of
the nervous system. K channel activity determines neu-
ronal action potential frequency, shapes the neuronal
action potential waveform and controls the strength of
synaptic contacts between neurons.1 Furthermore, K
channels have a role in setting (or contributing to) the
neuronal resting membrane potential and in regulating
the excitability of individual neurons. Since the ﬁrst
molecular cloning of K channel components in the late
1980s, well over a hundred different proteins—subunits
of distinct types of K channels—have been identiﬁed
and this number is still growing.2 There are a number of
good reviews that discuss particular aspects of K chan-
nels such as their structure, distribution and functional
properties.2–14
A major focus of our work concerns the physiological
role of K channels in the CNS. We concentrate, largely
on the cerebellum. However, even simply to describe
the localization and function of K channels in the cere-
bellum is a daunting task. In their authoritative 1999
review, Coetzee et al.2 described the tissue expression of
35 different principal () K channel subunits in the
cerebellum. Since then, the number has grown to well
over 40. In this review, then, we will concentrate pri-
marily on cerebellar granule neurons (CGNs). We will
describe the K currents seen, physiologically in native
granule cells and correlate these data with information
available from localization and distribution studies of
the many K channel subunits expressed in these cells.
By combining this information and building as complete
i ibl f h h l da p cture as poss e o  t e c anne s an  currents
present in CGNs, we hope to provide a description of
how multiple functioning K channels act together to
regulate the excitability of these important neurons.
While interesting in their own right, CGNs are often
considered to be model CNS neurons, perhaps because
of their abundance and comparative ease of isolation
and identiﬁcation. So, in addition, the information pro-
vided should give some idea of the level of complexity of
K channels in other neurons in the CNS.
Cerebellar granule cells
Granule cells of the cerebellum are small glutamatergic
interneurons that are by far the most numerous cell type
in the brain. It is estimated that they number some-
where between 1010 and 1011.15 CGNs receive inputs
from mossy ﬁbers or from the axons of brush cells.16
Granule cell axonal projections form the parallel ﬁbers
of the cerebellum and terminate on the dendrites of
Purkinje neurons. It has been estimated that a single
Purkinje neuron can receive inputs from 80,000 CGNs.
Golgi cells, stellate cells and basket cells also receive
inputs from granule cell parallel ﬁbers.
Because of their abundance and their many interac-
tions with other cell types in the cerebellum, CGNs play
an important transduction role in cerebellar function.
This is exempliﬁed in the weaver mutation in mice
(probably a mutation of an inward-rectiﬁer K channel,
KIR 3.2; see below) where most CGNs fail to differenti-
ate and then die, causing severe disruption of the cere-
bellar network and severe motor dysfunction.17,18 In
normal, mature, CGNs, ﬁring is most often fast and
repetitive,19 but theta-frequency spike bursting can also
be observed, which may play an important role in deter-
mining synchronization, rhythmicity and learning in the
cerebellum.20 Both the complement and the activity of
granule cell potassium channels will profoundly deter-
mine the ﬁring properties of these cells.
P i h l f iliotass um c anne  super am es
From the sequences of known potassium channel  sub-
Kunits, it is clear that three major superfamilies of 
channels can be delineated (Figure 1). They are the six
transmembrane domain channels which are voltage-
and/or calcium-gated; the two transmembrane domain
inward-rectiﬁers and the four transmembrane, two-pore
domain leak potassium channels.
The six transmembrane domain super family is made
up of a number of different families, such as the voltage-
gated KV family of channels (KV1.x – KV9.x) which are
thought to underlie voltage-gated delayed-rectiﬁer and
A-type K channels. KCNQ and EAG channels are also
in this super family. These are low-threshold voltage-
gated currents which are G-protein regulated and which
often have a non-inactivating component open near the
resting membrane potential of the cell. Functionally, in
neurons, these channels underlie currents such as the M
Kcurrent. Finally in this super family are the slo and S
families of K channel which underlie functionally
observed calcium-activated K currents. The two trans-
Kmembrane domain super family of inward-rectiﬁer 
channels (KIR r1.x – 7.x) underlie strong inward-rectiﬁe
currents, inward-rectiﬁer currents activated by G-
protein coupled receptors and, together with sulphony-
lurea receptors, ATP-sensitive K channels. The more
recently described four transmembrane, two-pore
domain K channels (such as TWIK-1, TASK-1 and
TREK-1) are thought to underlie leak currents open at
all potentials and are expressed heterologously through-
out the CNS.
Six transmembrane domain K channels
Functional studies of voltage-gated K currents
fIn functional studies, the voltage-gated K current o
mature CGNs is usually divided, quite straightfor-
rwardly, into two components: a transient component (o
A-type current) which activates then inactivates rapidly









following depolarization and a sustained current (or
delayed-rectiﬁer) which shows little inactivation over the
time course of a normal depolarizing voltage step (see
Figure 2).
These two components of voltage-gated outward
current have been well characterized by a number of dif-
ferent groups since their ﬁrst description in the late
1980s, using whole-cell voltage clamp recording
methods from both CGNs in tissue culture and acutely
isolated cells in cerebellar slices.21–29
The sustained current activates with a time constant
of about 10 ms at test potentials more depolarized than
around 50 mV and shows no inactivation over a period
of at least 150 ms.23,26 It is moderately susceptible to
block by tetraethylammonium ions (TEA), being
blocked by around 60% by 5 mM TEA,27 82% by
10 mM TEA30 and completely blocked by 20 mM
TEA.23,26 The sustained current, in some instances, can
be further separated into a calcium-independent compo-
nent and a calcium-dependent component23 (also see
below).
Removal of inactivation of the transient current, IA, by
use of a hyperpolarizing prepulse, followed by step
depolarizations to potentials positive to 60 mV, reveals
a current that peaks in 1–2 ms then inactivates with a
time constant of around 10 ms.23 This current is com-
paratively insensitive to TEA. 4-Aminopyridine (4-AP,
1–5 mM) reduces both the transient and sustained
component of current23,27 fconsistent with its lack o
selectivity between most members of the KV family.2,10
KV channel distribution
In a simple world, CGNs would express two KV channel
subunits, one with the characteristics of the sustained
component of current and the other with the character-




KV and KA currents in rat cerebellar granule cells. Currents were
evoked by progressive 10 mV depolarizing steps for 85 ms from a
holding potential of –70 mV following a 250 ms prepulse to either
–140 mV (left hand side) or –50 mV (right hand side). The currents on
the left-hand side following a hyperpolarizing prepulse have both a
transient and a sustained component while those on the right-hand side
following a depolarizing prepulse have only a sustained component.
istics of the transient current. Unfortunately, the true
picture is considerably more complicated. -subunits
from each of the four major classes of KV channels
(KV1.x – KV4.x) are strongly expressed in CGNs (Table
1).
KV1 channels
CGNs have been shown to have strong immunoreactiv-
ity for KV1.1, 1.3, 1.5 & 1.6 channels.31 In the absence
of accessory subunits, all four of these clones give func-
tional currents that resemble delayed-rectifer type, slow-
inactivating currents. Chung et al.31 also found low
immunoreactivity for KV1.2 and no staining for KV1.4.
These results correlate reasonably well with earlier label-
ing studies  (see Table 1 and refs 32–35), however
earlier studies have found no labeling for KV1.6 in
CGNs.32,36,37 In a separate study, good KV1.1 staining
was seen in cell bodies of adult granule cells, however
expressed channel numbers were seen to decline in aged
rats.38 This study, again, found much weaker labeling
for KV1.2 in granule cell bodies and that this didn’t
change with age. It is of interest that in other regions of
the cerebellum, notably basket cell termini there is
strong expression of KV1.2 channel subunits.39,40 This
suggests a role of these subunits in the regulation of
transmitter release, functioning either as homomers or
even heteromers with other KV1 subunits.
The KV1 family is often associated with regulatory 
subunits which alter their functional properties from
those expected of homomer channels. For example,
KV3.1 is highly expressed in cerebellum and converts
KV1.5 from a non-inactivating delayed-rectiﬁer type
current to an inactivating current.41 Similarly KV1.1 and
KV1 are expressed in CGNs.35,42 Again KV1 is known
to convert KV1.1 from a non-inactivating to an inactivat-
ing current if the two subunits are co-expressed.43 It is
worth noting however that CGNs express both KV1
and KV2 at comparatively low levels compared with
other regions of the brain.44 The labelling for KV1 is
much less intense than that seen in Purkinje cells.45
Mutations in KV1.1 channels give rise to episodic
ataxia (or familial periodic cerebellar ataxia, a domi-
nantly inherited human cerebellar disease) and to
myokymia syndrome. These are associated with non-
functional or malfunctioning KV1.1 channels46,47
perhaps because of the normal role of this subunit in
regulating granule cell excitability. KV1.1 subunits are
often expressed at synaptic terminals and dendrites and
such a distribution is also seen in CGNs. A reduction in
KV1.1 channel activity will lead, therefore, to a prolon-
gation of action potential duration.
KV2 channels
KV2.1 and KV2.2 channels have distinct non-overlap-
ping distributions in the mammalian brain. Both chan-
nels, when expressed as homomers, give rise to
Table 1
Expression of KV channel  subunits in cerebellar granule cells
Channel Synonym Species Age RNA/protein Level References
KV1.1 RCK1 rat P7/ RNA/protein moderate/ 31, 32, 34, 35, 38, 39
mouse adult abundant (but see 37)
KV1.2 RCK5 rat young/ RNA/protein low 31, 32, 33, 34, 38, 39, 145
mouse adult
KV1.3 RCK3 rat adult RNA/protein moderate 31, 32, 34
KV1.4 RCK4 rat adult RNA/protein none 31, 32
KV1.5 RCK7 rat adult RNA/protein moderate 31, 32
KV1.6 RCK2 rat adult RNA/protein none 32, 36, 37 (but see 31)
KV2.1 DRK1 rat adult RNA low 32, 36, 48
KV2.2 CDRK rat adult RNA abundant 48
KV3.1 Raw2 rat adult RNA/protein abundant 32, 36, 50, 51, 55
mouse
KV3.2 Raw1 rat adult RNA low 32
KV3.3 mouse adult RNA none 50, 144
KV3.4 Raw3 rat adult RNA/protein low 32, 34
KV4.1 rat adult RNA none 57
KV4.2 rat P3–P10/ RNA highly abundant 32, 53, 56, 57
mouse adult
KV4.3 rat adult RNA abundant 56, 57
KV5.1 IK8 rat adult RNA none 36, 37
KV6.1 K13 rat adult RNA moderate/ 36, 37
abundant
KV8.1 rat adult RNA abundant 60, 61
hamster
KV9.1 mouse adult RNA abundant 63 (see also 64)
KV9.2 mouse adult RNA abundant 63
KV9.3 mouse adult RNA in brain 64
Note: see text for information on KCNQ, EAG, slo and SK channel α-subunit expression in CGNs.
ﬁdelayed-recti er currents with slow inactivation and
moderate sensitivity to block by TEA. KV2.2 expression
is high in CGNs48 while low levels of KV2.1 are
seen.32,36,48 Expression levels of KV2.2 can be enhanced
up to six-fold by mKV4 with no change in channel
properties. mKV4 is also expressed in CGNs.49 Inter-
estingly KV5.1, 6.1, 6.2, 8.1, 9.1, 9.2, & 9.3 give no
functional currents in expression systems but can
form heteromers with KV2.x channels changing their
properties2 (see below).
KV3 channels
KV3.1 channels are expressed in the somata of CGNs,
along the entire length of their axons (the parallel ﬁbers)
and in presynaptic boutons, however there is low or no
expression in dendrites and glomeruli.32,36,50–53 In cere-
bellar slices, application of TEA at a concentration that
preferentially blocks KV3.1 channels resulted in parallel
ﬁber action potential broadening and an increase in
excitatory post-synaptic currents at granule cell–Purk-
inje cell synapses.54 Expression of the KV3.3b channel is
highly enriched in the brain, particularly in the cerebel-
lum, where its expression is conﬁned to Purkinje cells
and deep cerebellar nuclei with little expression in
CGNs. There are also detectable levels of KV3.2 and 3.4
found in CGNs.32,34 Expressed KV3 channels have
extremely rapid kinetics of activation and deactivation
and a high threshold of activation (more positive than
–20 mV).  The deactivation of KV3 channels is at least
ten-fold faster than all KV1 channels. As a result, KV3
channels are thought to underlie the fast after-hyperpo-
larization required for high frequency ﬁring. They are
highly sensitive to block by TEA.10
KV3.1 and KV3.3 knock-out animals exist, which on
their own show little phenotype.55 However, severe
ataxia is seen when both channels are mutated in the
same animals. This is thought to result from a com-
bination of a lack of KV3.1 in CGNs and a lack of KV3.3
in Purkinje cells.55 Surprisingly, there is no gross alter-
ation in cerebellar morphology associated with the
double mutant.
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KV4 h l c anne s
CGNs express KV4.2 and 4.3 but not KV4.1 chan-
nels.32,36,53,56,57 Both KV4.2 and 4.3 give rise to transient
A-type potassium conductances in expression systems.
A number of studies have suggested that KV4 subunits
are the major component of transient IA currents in the
mammalian CNS.56,57 KV4 channels can be regulated by
a family of K channel interacting proteins (KChIPs58).
These act to increase total KV4 current, accelerate
recovery from inactivation and moderately slow inacti-
vation. They are calcium-binding proteins some of
which (KChIP1 and KChIP3) are predominantly
expressed in neurons. Another member of this family
KChIP4a, acts to remove inactivation of KV4 currents.59
Both KChIP1 and KChIP4a are expressed in CGNs59
and can act in combination to modify KV4 channel
properties.
KV5-9 subunits
There are several KV subunits (KV5.1, 6.1, 6.2, 8.1,
9.1, 9.2 and 9.3) that do not form functional channels
when expressed on their own but do seem to form het-
eromers with KV2.x channels giving them different func-
tional properties from homomeric KV2.x channels.2
In CGNs, the more important of these subunits seem
to be KV8.1, KV9.1 and KV9.2. KV8.1 is known to be
present in the granule cell layer of the cerebellum.60,61 At
high levels of expression it abolishes the function of
other KV channels (KV2.1, 2.2 and 3.4) via association
with these subunits through its N terminal domain. At
lower levels it modiﬁes the activity of KV2.1 and 2.2.
The major effect of the co-expression of KV8.1 with
KV2.2 in COS cells concerns the inactivation process.
The voltage-dependence of KV2.2 is shifted toward
negative potentials, and its rate of inactivation is consid-
erably slowed down. Clearly then, any KV2.2/KV8.1 het-
eromers present in CGNs would have kinetic properties
different from KV2.2 homomers.62
There are also high levels of KV9.1 and 9.2 expression
in cerebellar granule cells.63 KV9.1 and 9.2 cause
minimal changes in inactivation of KV2.2 channels but
reduce the current amplitude and shift the voltage-
dependence of inactivation of the channel to more
negative values. KV9.3 channels are expressed in the
CNS, but their expression levels and functional impor-
tance in CGNs is not known.64
KV5.1, KV6.1 and KV6.2 are known to regulate KV2.1
functional properties.63,65 However, KV5.1 is not
expressed in the cerebellum to any degree.36,37 KV6.1 is
highly expressed in CGNs36,37 but the presence or
absence of KV6.2 and the functional importance of
KV6.1 remains to be established.
Correlation of functional currents and expressed KV
subunits
Considering homomers of the primary  subunits alone, a
l ibl b d f diff lp aus e case can e ma e or seven erent vo tage-
gated KV channels (1.1, 1.3, 1.5, 2.2, 3.1, 4.2 and 4.3)
as being major contributors to the whole-cell voltage-
gated K current in CGNs. If heteromers can be formed,
or if regulatory  subunits have a prominent role, the sit-
uation is even more complicated. How can we reconcile
these data with the two primary components of current,
transient and sustained, observed in functional studies
from CGNs?
The best correlative evidence currently available con-
cerns the transient component of current. Shibata et
al.35 have constructed dominant negative cDNA for the
KV4.2 subunit. When this is expressed in CGNs it
results in a large reduction in A current in these cells.
This provides strong evidence that the native A current
is carried through KV4.2 channels, however an inter-
action with KV4.3 channels cannot be ruled out. The
functional properties of KV4.2 channels in expression
systems are broadly similar (but not identical) to those
seen of native A currents in the CGNs.26,35 Such differ-
ences may be accounted for by the multiple regulatory
actions of KChIPs on KV4 channels in CGNs.59 Never-
theless, either KV4.3 homomeric channels or heteromers
of KV4.2 and 4.3 channels may contribute to the A
current. KV1.4 subunits which give A currents in expres-
sion systems, are not expressed in CGNs, however co-
expression of KV1.135 with KV142 could give rise to a
ffunctional A current in CGNs as could co-expression o
KV3.1 with KV1.5 (see above). Any of these possibili-
ties could explain the residual 25% of transient current
seen in CGNs treated with dominant negative KV4.2.35
The delayed-rectiﬁer component is much more difﬁ-
cult to assign to a particular KV fsubunit. Since loss o
either KV1.1 or 3.1 in CGNs can lead to the generation
of episodic ataxia, this would suggest that both these
subunits may be functionally important. The whole-cell
granule cell sustained current, however, is much less
sensitive to block by TEA (60% at 5 mM) when com-
pared with KV1.1 and KV3 channels which have, respec-
tively, IC50s for block of 0.5 and around 0.2 mM. By
contrast, KV1.3 and 1.5 are rather too insensitive to
TEA block to be candidates for the sustained current.
This leaves KV1.6 and KV2.2, which have IC50 fs o
around 2–7 mM and 8 mM respectively for TEA
block.2,10 This criterion, taken together with the distri-
bution studies (Table 1 and above), would suggest that
KV2.2 is the most likely candidate to underlie the sus-
tained voltage-gated current in CGNs since there is
some doubt as to whether KV1.6 is expressed.
Of course the whole-cell sustained current in CGNs
may easily comprise of more than one expressed 
subunit. Furthermore, the existence of splice variants
and the potential formation of heteromers between dif-
ferent  subunits or between  and  subunits adds
complexity. All KV channels have consensus sequence
sites for serine/threonine phosphorylation, while at least
some can be phosphorylated on tyrosine residues (see
for example refs 66, 67). These phosphorylation events
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which would make identiﬁcation even more difﬁcult.
Finally, it is likely that different KV channels are
expressed in different regions of CGNs. For example,
KV1.1 and 3.1 expression may be predominantly local-
ized to presynaptic terminals and parallel ﬁbers.
EAG and KCNQ channels
The EAG and KCNQ family of K channels encode
voltage-gated potassium channels that are open close to
the resting membrane potential of neurons.2,12,13 Both
EAG currents and KCNQ currents can be inhibited
following the activation of certain G-protein coupled
receptors such as muscarinic acetylcholine receptors.
EAG family
The different members of the EAG family of K channels
have quite distinct kinetic and pharmacological proper-
ties when studied in expression systems.12 They can be
divided into three subfamilies (eag 1–2; elk 1–3 (eag-
like) and erg 1–3 (eag-related)) on the basis of their dis-
tinct structural and functional properties. One
noticeable feature, however, is that all eight known
fmembers of the EAG family give a large component o
non-inactivating current near the membrane potential.68
Interestingly, like KV channels, they may form het-
eromers within subfamilies.
In situ hybridization studies in CGNs reveals very
high levels of eag1, but no detectable eag2; moderate
levels of erg1 but no erg2 or erg3; and moderate to high
levels of elk2, but no elk1 or elk3.68,69 Interestingly then,
there is no overlap of expression of members of the
same EAG subfamily in CGNs, therefore there is prob-
ably no heteromer formation between different EAG
channel subunits.
In general, roles for EAG potassium channels in the
mammalian CNS remain to be found.68 However Hoshi
et al.70 have suggested that the non-inactivating current,
IKSO, seen in CGNs (ref. 71 and below) may be due to
co-expression of eag1 with a novel auxiliary subunit
KCR1 (see also refs 72, 73).
KCNQ family
KCNQ channels in neurons are also thought to encode
for non-inactivating voltage-gated currents with a low
threshold for activation. For example, KCNQ2/KCNQ3
heteromers have been suggested to underlie M currents
in a number of different neurons.13,74 Each of these
KCNQ subunits when expressed alone results in much
less M-like current than when the two are co-
expressed.74 Saganich et al.68 fshowed very high levels o
KCNQ2 expression, yet no or very little KCNQ3
expression in CGNs (see also ref. 75). In many neurons
expression of KCNQ2 and KCNQ3 overlaps, so it is
surprising that this does not seem to occur in CGNs.




A slow outward K current (IK-slow) in cerebellar granule cells. (A) IK-slow
was generated by a step from –80 mV to +30 mV in the presence of
20 mM TEA and 4 mM 4-AP. It was reversibly inhibited by Ba2+
(1 mM). (B) Activation of IK-slow by a series of 1 sec, 10 mV depolariz-
ing steps from –80 mV. Adapted from D’Angelo et al. (2001), ref. 20,
with permission. Copyright 2001, the Society for Neuroscience.
There is little expression of KCNQ1 channels in the
brain,2 while little or no KCNQ4 or KCNQ5 expression
is detected in CGNs.76–78 So KCNQ2 is the only
detectable KCNQ subunit identiﬁed so far in CGNs.
A recent study has shown that CGNs in cerebellar
slices possess a novel slow K conductance, which in
many respects resembles the M current seen in other
neurons (see Figure 3). This current was resistant to 4-
AP (4 mM) and TEA (20 mM) but reduced by external
Ba2+ or internal Cs+ ions.20 It is possible that this current
results from the expression of KCNQ2 and/or one or
more of the EAG family of  subunits expressed in
CGNs.
Ca-activated K channels
Ca-activated K channels can be divided into three broad
groups. The large conductance maxi-K channels (or BK
channels) corresponding to the slo family of K channels
subunits; the small-conductance or SK channels (corre-
sponding to SK1-3) and the intermediate conductance
K channels which probably correspond to SK4 (also
referred to as IKCa1) channels.
BK/ l h ls o c anne s
fFunctional studies in CGNs have shown the presence o
a Ca-activated K conductance. Originally this was seen
in single-channel recordings where a large conductance
channel was observed with a single channel conductance
of 110–185pS.79 This would suggest that the channel is
a member of the BK class of Ca-activated K channels.
BK channels in CGNs are activated following
metabotropic glutamate receptor activation79 via ryano-
dine receptors coupled to L-type Ca channels.80 A cor-
responding calcium-dependent whole-cell K current has
been observed in granule cells in cerebellar slices26 and
it is believed that BK channels participate in granule cell
repolarization following an action potential.20 BK chan-
nels may also stabilize repetitive ﬁring by enhancing fast
after hyperpolarizing potential and Na channel de-inac-
tivation.20
It is generally envisaged that such BK channels result
Kfrom expression of a member of the slo family of 
channel subunits.81,82 However expression levels of slo
rare rather low in CGNs when compared with othe
regions of the brain, including cerebellar Purkinje
cells.83–85
SK channels
There are only moderate levels of SK2 expression in
CGNs, while no SK1 or SK3 could be detected by in
situ hybridization.86 SK4 (or IKCa1) channels are
thought to be predominantly expressed in non-excitable
tissue.87 Furthermore, there is no effect of apamin on
Kwhole-cell K currents in CGNs, which suggests that S
channels may not have a major functional role in these
cells.20
Two Transmembrane Domain K channels
Inward-rectiﬁer currents in granule cells
A G-protein activated inwardly-rectifying K current is
evident from studies in cultured CGNs from mouse.88–92
The current is activated by GTP--S, baclofen, somato-
statin and trans-APCD and blocked by Ba2+, Cs+ and
treatment with pertussis toxin. A study in mouse CGNs
in situ showed that the inward-rectiﬁer current changed
its properties through the time-course of cell develop-
ment93 (see Figure 4). The majority of cells in the
internal granule cell layer, 10–15 days after birth, dis-
played only a G-protein activated inwardly-rectifying
current similar to that seen in the cultured cells.
However, a constitutively active inward current was
observed in the remainder of cells. CGNs at a more
advanced developmental stage, 20–21 days after birth,
displayed, for the most part, this latter current. Both
currents share similar pharmacological properties, but
they exhibit different biophysical characteristics. The G-







KIR currents in mouse cerebellar granule cells. Recordings were per-
formed with patch pipettes containing GTP--S. Traces were taken at
the beginning (control) and 6 min (GTP--S) after the beginning of
the recordings. The voltage-clamp protocol is illustrated at the
bottom. Cell 1 was recorded at P12 and is an immature postmigratory
neuron. It has no constitutively active current but has an inward-recti-
ﬁer current activated by GTP--S. Cell 2 was recorded at P22 and is a
mature postmigratory neuron. It has a constitutively active inward-rec-
tiﬁer current which is not enhanced further by GTP--S. Adapted
from Rossi et al. (1998), ref. 93, with permission. Copyright 1998, the
Society for Neuroscience.
protein activated current displays mostly fast activation
with no inactivation. The fast activation appears almost
voltage-independent and instantaneous, similar to
observations in cultured CGNs.88,89 Meanwhile, the
constitutively active current has slower activation and a
steeper voltage-dependence. Note, also, that there is no
evidence for any Ih—like current in cerebellar granule
cells.20
Distribution and localization of KIR subunits
In terms of the G-protein activated KIR3 channels, a
variety of different methods have revealed the presence
of KIR3.1, 3.2 and 3.3 subunits and lower levels of
KIR3.4 subunits in CGNs of both rat and mouse94–100
(see Table 2). Co-immunoprecipitation studies show
direct physical association of KIR3.1 and KIR3.2 in COS
cells101 and mouse brain tissue95 suggesting that they
exist and function as heteromers.
There are high levels of the strong inward-rectiﬁer
KIR2.2 in CGNs but no detectable levels of KIR2.3 or
2.4 subunits96,102,103 (see Table 2). It is not clear from
the literature whether KIR2.1 subunits are present in
CGNs.96,102 For ATP-sensitive K channels, in situ
hybridization also reveals weak mRNA signal for KIR6.2
(but no detectable KIR6.1) and low levels of its associ-
ated subunit SUR1 in CGNs.104,105
A number of KIR channel subunits (KIR1.1, 4.1, 4.2
and 7.1) are not expressed in CNS neurons.97 Further-
more, KIR5.1, although expressed in the CNS, cannot
function as a homomeric channel, as it seems to only
form functional heteromers with KIR4.1 or 4.2.106
F i l i f Kunct ona  propert es o  IR b isu un ts
KIR3.2 homomultimers in Xenopus oocytes display G-
protein activated, K selective currents which are
enhanced by carbachol, acetylcholine and G88,101,107
KIR3.1 homomers in Xenopus oocytes produce similar
currents but with slower activation kinetics.107 Currents
elicited by the presence of both KIR3.1 and KIR3.2 are
also enhanced by G-protein coupled receptor
activation.101 They exhibit slow kinetics, attributed to
the presence of KIR3.1.107 Similar currents are obtained
by engineered KIR3.1/KIR3.2 dimers.107 It is thought
likely that, in vivo, these channels form as heteromers.
Correlation of the channel subtypes present with
functional properties
The activation of the inwardly-rectifying currents by
GTP--S and various GABAB and muscarinic agonists
in CGNs, identify it as composed of KIR3.x channels.
The slower activation in response to hyperpolarization
suggests the presence of the KIR3.1 subunit. Considered
together with the distribution and localization studies
and the weaver mutation below, it is most likely that the
dominant inward-rectiﬁer K current in CGNs is due to
the expression of KIR3.1 and KIR3.2 heteromers. There
may also be a contribution of KIR3.3 subunits. The
developmental change from G-protein activated to con-
stitutive, as well as from generally fast to slower activa-
tion kinetics in CGNs in situ is not understood. It may
be that KIR2.2 channels underlie the constitutively active
current, since CGNs express this subunit in abundance
(Table 2). At present, no information is available on
developmental expression of KIR2.2.
The weaver mutation
The weaver mutation of mouse (wv) arose sponta-
neously in C7BL/6 mice over 30 years ago and was
identiﬁed by, and named after, its instability of gait.
Homozygous (wv/wv r) mice exhibit mild locomoto
hyperactivity, male sterility, and severe ataxia within two
weeks of birth. The cerebellum is smaller in size with
the loss of CGNs occurring within one week of birth.
Rakic & Sidman17 observed that wv granule cell precur-
sors are normal at birth, but display defects through dif-
ferentiation. They fail to extend neurites or migrate
along glial ﬁbres to form bipolar processes.
The wv gene was mapped to mouse chromosome 16,
a region associated with Down’s Syndrome in
humans,108 and sequencing revealed a missense muta-
tion in a region coding for KIR3.2.18 The mutation,
G156S (nucleotide G935A), resides in the ‘H5’ or ‘p’
region that is highly conserved amongst K channels and
structurally forms the selectivity ﬁlter of the channel.109
The gene is autosomal recessive,107 and heterozygous
mice (wv/+) show milder abnormalities than homozy-
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Table 2.
Expression of KIR channel  subunits in cerebellar granule cells
Channel Synonym Species Age RNA/protein Level References
KIR1.1 ROMK rat RNA not in brain 97
KIR2.1 IRK1 rat adult RNA/protein low 96, 99
mouse (but see 102)
KIR2.2 IRK2 rat P21-adult RNA abundant 96, 102
mouse
KIR2.3 IRK3 rat E13-adult RNA none 96, 102
mouse
KIR2.4 IRK4 rat adult RNA none 103
KIR3.1 GIRK1 rat E15-adult RNA/protein moderate 95, 96, 97, 99
mouse (but see 146)
KIR3.2 GIRK2 rat E13-adult RNA/protein abundant 94, 95, 96, 97, 98
mouse 100, 146
KIR3.3 GIRK3 rat E15-adult RNA abundant 96, 97, 146
mouse
KIR3.4 GIRK4 rat adult RNA/protein none 96, 100
KIR4.1 BIR10 rat RNA not in brain 97
KIR4.2 rat RNA not in brain 97
KIR5.1 BIR9 rat RNA low in brain 97 (see 106)
KIR6.1 uKATP-1 rat adult RNA/protein none 105
KIR6.2 BIR IKATP rat adult RNA low 104
mouse
KIR7.1 rat RNA not in brain 97
gous ones. However, it should be noted that KIR3.2
knock-out mice (/), whilst still more susceptible to
induced seizures than wild-type (WT), remain morpho-
logically similar to WT and exhibit milder cerebellar
abnormalities than wv. This would suggest that the wv
phenotype may not simply be due to the loss of func-
tional KIR3.2 channels.
wvKIR3.2 channels expressed in cell lines display
altered currents to WTKIR3.2 (see Figure 5). The cells
themselves, whether CHO cells or Xenopus oocytes,
show decreased survival.101 The currents become consti-
tutively active and non-selective for K+.88,101,107 Differing
results have emerged from studies on cultured CGNs.
Some studies observe a basal, non-selective current that
depolarizes the cell’s resting potential,88,107 analogous to
the constitutively active current observed in wvKIR3.2-
containing channels in oocytes. This current can be
blocked by the cation channel blockers MK-801 and
QX-314, which are also able to enhance cell viability
and neurite outgrowth.88 However, other studies reveal a
profound reduction in G-protein activated currents107 or
no inwardly-rectifying currents with or without G-
protein activation.91,92 Slices of wv mouse cerebellum
display altered architecture with no discernible internal
granule cell layer. In slices, pre-migratory wvCGNs do
not exhibit any G-protein activated inward-rectiﬁer cur-
rents. Putative CGNs that have escaped degeneration
express a constitutively active inwardly-rectifying
current with reduced selectivity to K that is blocked by
QX-314. The kinetics are slower, compatible with
wvKIR3.1 homomultimers. However there is no net
increase in leakage current.93
With such a variety of results and no explanation for
the differences, no clear hypothesis of mechanism
emerges. However, the dominant effect is of a depolar-
ized granule cell resting potential, whether this occurs
by a gain of basal Na conductance or a loss of agonist-
activated K conductance. This could lead to cell death
or failure to drive cell differentiation and motility via the
activation of voltage-gated Ca2+ channels and NMDA
receptors. Alternatively wvKIR3.2 may act less directly,
altering the expression of other genes or the mutation in
KIR3.2 may be merely closely associated with the wv
gene and be a coincidental ﬁnding.92
Four transmembrane domain/two-pore
domain K channels
Leak currents in granule cells
CGNs possess a non-inactivating outward potassium
current that is active at all membrane potentials. This
current, termed IKSO (for standing-outward current),
fwhich has a major role in regulating the excitability o
these cells, is openly rectifying and is inhibited by the
activation of muscarinic acetylcholine receptors71,110,111
(see Figure 6). IKSO Kis insensitive to the classical 
channel blockers tetraethylammonium and 4-aminopyri-
dine, but can be blocked by Ba2+ r, small extracellula
acidiﬁcation112 and the endocannabinoid, anan-
damide.113 It is enhanced by the volatile anaesthetic
agent halothane.113 Inhibition of this current by mus-
carinic receptor activation or extracellular acidiﬁcation
increases granule cell excitability71,112 (see Figure 7).
KCGNs have also been shown to possess a background 
channel that can be activated by arachidonic acid and
other polyunsaturated fatty acids.114 Activation of this
current by arachidonic acid reduces granule cell
excitability.114










wild-type / /wv wv/wv / /
Figure 5
Reduction of KIR currents in mouse cerebel-
lar granule cells from weaver mice. Exam-
ples of GTP--S-activated currents
recorded from wild-type (A), weaver (B),
and Girk2 null (C) mutant mice are shown.
GTP--S-activated currents are markedly
reduced in granule cells isolated from weaver
and Girk2 null mutant mice. Currents were
elicited by voltage steps from 130 to
+10 mV from a holding potential of 0 mV.
The GTP--S-activated current was
obtained by subtracting the current recorded
at the beginning of the whole-cell recording
from the current recorded after GTP--S
activation. (D) Current-voltage plots show
the strong rectiﬁcation for +/+, +/, and
+/wv granule cells. (E) Bar graph shows the
mean amplitude of the GTP--S-activated
currents divided by the cell capacitance for
+/+, +/wv, wv/wv, +/, and / granule
cells. Adapted from Slesinger et al. (1997),
ref. 90, with permission. Copyright 1997,
the National Academy of Sciences (USA).
T d i i h l d l li iwo pore oma n potass um c anne s an  oca zat on
in CGNs
Recently a group of K selective pore-forming subunits
with four transmembrane domains and two pore
domains per subunit have been discovered. Named two
pore domain potassium (2PK) channels, due to this
unique feature, it is these channels that are thought to
underlie the “leak” potassium currents that have been
recorded in CGNs. To date, 14 members of the mam-
malian 2PK family have been described.14,115,116 These
subunits are thought to form together as dimers to
provide the four P domains required to produce a func-
tional channel.14 They can be grouped, loosely, into a
number of different classes on the basis of structural and
functional properties. TWIK-1 (tandem of P domains in
a weak-inward-rectiﬁer K channel) was the ﬁrst to be
cloned117 and all subsequent channels have been named
in relation to this one. A separate nomenclature refers to
this channel as KCNK-1.14















































Muscarinic ACh receptor activation inhibits IKSO. Granule cells were
held at –20 mV and stepped to –60 mV for 400 ms. This protocol was
repeated once every 5 seconds. The upper panel shows currents
recorded in the absence and presence of muscarine (10 µM). The time
course for muscarinic inhibition of IKSO is shown in the lower panel.
IKSO was measured at -20 mV after the CGNs had been at this poten-
tial for 4.6 seconds. Adapted from Boyd & Mathie (2002), ref. 110.
Figure 7
IKSO blockade increases granule cell excitability. In current clamp
recording, injection of 100 pA of current depolarized the cerebellar
granule cell but did not evoke action-potential ﬁring (A). Application
of 10 µM muscarine blocked IKSO and increased granule cell excitabil-
ity such that the same amount of current injection now depolarized
the cell sufﬁciently to evoke action-potential ﬁring (B, C). Adapted
from Watkins & Mathie (1996), ref. 71.
TWIK-1 and TWIK-2118,119 as their names suggest,
are thought to be weak inward-rectiﬁer K channels but
there is some doubt about whether they can form func-
tional channels independently of auxiliary subunits (e.g.
ref. 14). A number of 2PK channels have been shown to
be sensitive to small acidiﬁcations of the external solu-
tion and have been termed T WIK-related acid-sensitive
K channels (TASK). TASK-1, 3 & 5 have rather differ-
ent structural and functional characterstics to TASK-2
and TASK-4.120–129 Closely related to TASK-2 are the
T WIK-related alkaline pH activated K channels
(TALK-1 and TALK-2) with TALK-2 being identical
to TASK-4.130 In addition, T WIK related K channels
(TREK-1 and TREK-2) and the TWIK-related arachi-
donic acid sensitive K channel (TRAAK) are potenti-
ated by arachidonic acid, volatile anaesthetics, heat and
mechanical stress.116,131–133 Tandem pore domain
halothane inhibited K channels (THIK-1 and THIK-2)
have been cloned134 and a background current in mouse
cerebellar Purkinje cells with many properties in
common with this family of 2PK channels has recently
been described.135 Finally, a 2PK clone, KCNK-7 does
f f i l h l h h l lnot orm unct ona  c anne s w en etero ogous y
expressed alone or in combination.136 THIK-2 and
TASK-5 have also proved to be non-functional so far.
No fewer than seven of these subunits have been
found in CGNs (see Table 3). High levels of TASK-1,
TASK-3, TREK-2, TWIK-1128,137–139 and THIK-2134
were found, whilst lower, but measurable levels of
TREK-1, TRAAK137,140,141 were also seen. The TREK-2
isoform in CGNs has very recently been shown to be
TREK-2c.141 In addition, TWIK-2 and KCNK-7 sub-
units are expressed in the cerebellum.119,138
The molecular identity of leak currents in CGNs
All of the functional properties of IKSO correlate well
with those of the 2PK channel TASK-1. Both IKSO cur-
rents and currents through TASK-1 channels in expres-
sion systems are open rectiﬁers which are insensitive to
TEA and 4-AP, blocked by Ba2+, muscarinic receptor
activation, anandamide and external acidiﬁcation,
enhanced by halothane and not enhanced by arachi-
donic acid. This has led to the suggestion that TASK-1
channels underlie IKSO.112,113,139 However, it is extremely
difﬁcult to distinguish the functional properties of
TASK-1 channels from those of the more recently
cloned TASK-3 channels at the whole-cell level, so it is
possible either that TASK-3 currents contribute to
IKSO142 or that heterodimers could be formed between
TASK-1 and TASK-3.143 Similarly, the arachidonic
acid enhanced current in CGNs has been attributed to
TREK-1 channels114 but recent expression studies might
suggest a more likely correlate is the TREK-2c channel
which is highly expressed in CGNs.141
Conclusion
A surprisingly large number of K channels are expressed
in CGNs (and, it seems likely, every other neuron in the
brain too). More precisely, there is evidence for strong
or moderate expression levels of at least 26 K channel 
subunits: KV1.1, KV1.3, KV1.5, KV2.2, KV3.1, KV4.2,
KV4.3, KV6.1, KV8.1, KV9.1, KV9.2, eag1, erg1, elk2,
KCNQ2, slo, SK2, KIR2.2, KIR3.1, KIR3.2, KIR3.3,
TASK-1, TASK-3, TREK-2c, THIK-2 and TWIK-1.
fFurthermore, there is evidence for detectable levels o
expression of a number of other  subunits while several
regulatory  subunits are also expressed. It is not at all
clear why CGNs need so many different K channels.
If we consider granule cells from a functional perspec-
tive, D’Angelo et al.20 have shown that it is quite pos-
sible to obtain a good empirical model of CGN function
through the use of only ﬁve distinct K conductances, a
leak conductance, three Na conductances and a Ca con-
ductance. The ﬁve K conductances are a delayed recti-
ﬁer conductance (KV), a transient A-type conductance
(KA), a Ca-activated conductance (KCa) an inward-recti-
ﬁer conductance (KIR) and a slowly activating conduc-
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Table 3
Expression of 2PK channel subunits in cerebellar granule cells
Channel Synonym Species Age RNA/protein Level References
TASK-1 KCNK-3 rat P7/ adult RNA/protein moderate/ 112, 128, 137
human abundant 139, 147, 148
TASK-2 KCNK-5 human adult RNA none in 138
cerebellum (but see 149)
TASK-3 KCNK-9 rat adult RNA abundant 127, 128, 137
KT3.2 139
TASK-4 KCNK-17 human adult RNA not in brain 130
TALK-2
TASK-5 KT3.3 rat adult RNA none 128
TALK-1 KCNK-16 human adult not in brain 130
TREK-1 KCNK-2 rat adult RNA low 137, 140, 141
human
TREK-2 KCNK-10 rat adult RNA abundant 137, 141
TRAAK KCNK-4 rat adult RNA low 137
TWIK-1 KCNK-1 rat adult RNA abundant 137, 139
TWIK-2 KCNK-6 human adult RNA low in 119, 138
cerebellum
KCNK-7 human adult RNA abundant in 138
cerebellum
THIK-1 KCNK-13 rat adult RNA none 134
THIK-2 KCNK-12 rat adult RNA abundant 134
tance (Kslow) h i l i f l k. T ere s a so a requ rement or a ea  con-
ductance (Ileak). In fast repetitive ﬁring mode, KV and
KCa account for most of the active K current during the
spike and fast AHP. KA, KIR and Kslow are active during
the interspike interval, KA acting to delay spike activa-
tion. Bursting behaviour is revealed when KCa is reduced
(such as by TEA) or by G-protein coupled receptor
action.
As we have shown above, in some cases, it is possible
to make a good correlation between a functional current
and an expressed channel. The transient KA current for
example, seems to be predominantly due to KV4.2 chan-
nels or KV4.2/4.3 heteromers, while the KCa current is
likely due to expression of large-conductance slo chan-
nels. Similarly the G-protein activated KIR current is
probably due to heteromeric expression of KIR3.1 and
KIR3.2, while the constitutively active component of KIR
may be due to KIR2.2 expression. The leak conductance
can be attributed to TASK-1 and/or TASK-3 channels.
With less certainty, the Kslow current identiﬁed by D’An-
gelo et al.20 may result from the expression of KCNQ2
and/or one or more of the EAG family of channels,
however a possible small contribution of KCNQ3 or
KCNQ5 channels cannot be ignored. The delayed-recti-
ﬁer, KV current is least well accounted for with ﬁve or
more possible KV subunits as potential contributors.
Measuring the whole-cell CGN current may well be
important in determining granule cell excitability, but at
the level of individual dendrites or release sites, CGNs
may tailor the complement of K channel subunits
present to suit particular roles. For example, the bio-
physical properties of KV1.1 and KV3.1 channels may be
best suited to regulating transmitter release from granule
cell terminals,2 while TASK-1/TASK-3 channels on the
soma may fundamentally control granule cell excitabil-
ity. The function of all these K channels can be regu-
lated by co-expression of regulatory subunits (e.g. KV2.2
with KV8.1 or KV1.1 with KV1), by the action of neu-
rotransmitters such as acetylcholine (e.g. KIR3.1/3.2,
TASK-1/TASK-3, eag1) or by other physiological regu-
Klators. Therefore the complement of functioning 
channels determining the electrical properties of granule
cells at any given moment may be highly dynamic and
subject to constant ﬁne-tuning.
Acknowledgements
Our work on potassium channels in cerebellar granule
cells was supported by the MRC and the Wellcome
Trust. Catherine Clarke is supported by a BBSRC stu-
dentship.
22  A Mathie, CE Clarke, KM Ranatunga, EL Veale
References
1. Hille B. Ion channels of excitable membranes. Sunderland, MA:
Sinauer, 2001.
2. Coetzee WA, Amarillo Y, Chiu J, Chow A, Lau D, McCormack
T, Moreno H, Nadal MS, Ozaita A, Pountney D, Saganich M,
Vega-Saenz de Miera E, Rudy B. Molecular diversity of K+ chan-
nels. Ann NY Acad Sci 1999; 868: 233–285.
3. Pongs O. Molecular biology of voltage-dependent potassium
channels. Physiol Rev 1992; 72: S69–S88.
4. Chandy KG, Gutman GA. Voltage-gated potassium channel
genes. In: North RA, editor. Handbook of receptors and chan-
nels: ligand and voltage-gated ion channels. Boca Raton: CRC
Press, 1995: 1–71.
5. Dolly O, Parcej DN. Molecular properties of voltage-gated K+
channels. J Bioenerg Biomembr 1996; 28: 231–253.
6. Jan LY, Jan YN. Voltage-gated and inwardly rectifying potassium
channels. J Physiol 1997; 505: 267–282.
7. Nichols CG, Lopatin AN. Inwardly rectifying potassium chan-
nels. Ann Rev Physiol 1997; 59: 171–191.
8. Sanguinetti MC, Spector PS. Potassium channelopathies. Neu-
ropharmacol 1997; 36: 755–762.
9. Aguilar-Bryan L, Clement JP, Gonzalez G, Kunjilwar K,
Babenko A, Bryan J. Toward understanding the assembly and
structure of KATP channels. Physiol Rev 1998; 78: 227–245.
10. Mathie A, Wooltorton JRA, Watkins CS. Voltage-activated
potassium channels in mammalian neurons and their block by
novel pharmacological agents. Gen Pharmacol 1998; 30: 13–24.
11. Bezanilla F. The voltage sensor in voltage-dependent ion chan-
nels. Physiol Rev 2000; 80: 555–592.
12. Bauer CK, Schwarz JR. Physiology of EAG channels. J Mem-
brane Biol 2001; 182: 1–15.
13. Robbins J. KCNQ potassium channels: physiology, pathophysiol-
ogy and pharmacology. Pharmacol Therapeut 2001; 90: 1–19.
14. Goldstein SAN, Bockenhauer D, O’Kelly I, Zilberberg N. Potas-
sium leak channels and the KCNK family of two-P-domain sub-
units. Nature Rev Neurosci 2001; 2: 175–184.
15. Herrup K, Kuemerle B. The compartmentalization of the cere-
bellum. Ann Rev Neurosci 1997; 20: 61–90.
16. Voogd J, Glickstein M. The anatomy of the cerebellum. Trends
in Neurosci 1998; 21: 370–375.
17. Rakic P, Sidman RL. Sequence of developmental abnormalities
leading to granule cell deﬁcit in cerebellar cortex of weaver
mutant mice. J Comp Neurol 1973; 152: 103–132.
18. Patil N, Cox DR, Bhat D, Faham M, Myers RM, Peterson AS.
A potassium channel mutation in weaver mice implicates mem-
brane excitability in granule cell differentiation. Nature Genetics
1995; 11: 126–129.
19. Gabbiani F, Midtgaard J, Knopfel T. Synaptic integration in a
model of cerebellar granule cells. J Neurophysiol 1994; 72:
999–1009.
20. D’Angelo E, Nieus T, Maffei A, Armano S, Rossi P, Taglietti V,
Fontana A, Naldi G. Theta-frequency bursting and resonance in
cerebellar granule cells: experimental evidence and modeling of a
slow K+-dependent mechanism. J Neurosci 2001; 21: 759–770.
21. Hockberger PE, Tseng H-Y, Connor JA. Immunocytochemical
and electrophysiological differentiation of rat cerebellar granule
cells in explant cultures. J Neurosci 1987; 7: 1370–1383.
22. Robello M, Carignani C, Marchetti C. A transient voltage-
dependent outward current in cultured cerebellar granule
neurons. Biosci Rep 1989; 9: 451–457.
23. Cull-Candy SG, Marshall CG, Ogden D. Voltage-activated
membrane currents in rat cerebellar granule neurons. J Physiol
1989; 414: 179–199.
24. Jalonen T, Johansson S, Holopainen I, Oja SS, Arhem P. Single-
channel and whole-cell currents in rat cerebellar granule cells.
Brain Res 1990; 535: 33–38.
25. Carignani C, Robello M, Marchetti C, Maga L. A transient
outward current dependent on external calcium in rat cerebellar
granule cells. J Membrane Biol 1991; 122: 259–265.
26. Bardoni R, Belluzzi O. Kinetic study and numerical reconstruc-
tion of A-type current in granule cells of rat cerebellar slices. J
Neurophysiol 1993; 69: 2222–2231.
ki hi d l i f h i f h i27. Wat ns CS, Mat e A. Mo u at on o  t e gat ng o  t e trans ent
outward potassium current of rat isolated cerebellar granule
neurons by lanthanum. Pﬂügers Archiv/Eur J Physiol 1994; 428:
209–216.
28. Zegarramoran O, Moran O. Properties of the transient potassium
currents in cerebellar granule cells. Exp Brain Res 1994; 98:
298–304.
29. Jones G, Boyd DF, Yeung SY, Mathie A. Inhibition of delayed
rectiﬁer K+ conductance in cultured rat cerebellar granule
neurons by activation of calcium-permeable AMPA receptors.
Eur J Neurosci 2000; 12: 935–944.
30. Watkins CS, Mathie A. Effect on K+ currents in rat cerebellar
granule neurones of a membrane-permeable analogue of the
calcium chelator BAPTA. Brit J Pharmacol 1996; 118:
1772–1778.
31. Chung YH, Shin CM, Kim MJ, Lee BK, Cha CI. Immunohisto-
chemical study on the distribution of six members of the Kv1
channel subunits in the rat cerebellum. Brain Res 2001; 895:
173–177.
32. Kues WA, Wunder F. Heterogeneous expression patterns of
mammalian potassium channel genes in developing and adult rat
brain. Eur J Neurosci 1992; 4: 1296–1308.
33. Sheng M, Tsaur ML, Jan YN, Jan LY. Contrasting subcellular
localization of the KV1.2 K+ channel subunit in different neurons
of rat brain. J Neurosci 1994; 14: 2408–2417.
34. Veh RW, Lichtinghagen R, Sewing S, Wunder F, Grumbach IM,
Pongs O. Immunohistochemical localization of 5 members of the
KV1 channel subunits—contrasting subcellular locations and
neuron-speciﬁc co-localizations in rat brain. Eur J Neurosci
1995; 7: 2189–2205.
35. Shibata R, Nakahira K, Shibasaki K, Wakazono Y, Imoto K,
Ikenaka K. A-type K+ current mediated by the Kv4 channel reg-
ulates the generation of action potential in developing cerebellar
granule cells. J Neurosci 2000; 20: 4145–4155.
36. Drewe JA, Verma S, Frech G, Joho RH. Distinct spatial and
temporal expression patterns of K+ channel messenger RNAs
from different subfamilies. J Neurosci 1992; 12: 538–548.
37. VermaKurvari S, Border B, Joho RH. Regional and cellular
expression patterns of four K+ channel mRNAs in the adult rat
brain. Mol Brain Res 1997; 46: 54–62.
38. Chung YH, Shin CM, Kim MJ, Lee BK, Cha CI. Age-related
changes in the distribution of Kv1.1 and Kv1.2 channel subunits
in the rat cerebellum. Brain Res 2001; 897: 193–198.
39. Wang H, Kunkel DD, Schwartzkroin PA, Tempel BL. Localiza-
tion of KV1.1 and KV1.2 K-channel proteins, to synaptic termi-
nals, somata and dendrites in the mouse brain. J Neurosci 1994;
14: 4588–4599.
40. Southan AP, Robertson B. Patch-clamp recordings from cerebel-
lar basket cell bodies and their presynaptic terminals reveal an
asymmetric distribution of voltage-gated potassium channels. J
Neurosci 1998; 18: 948–955.
41. Leicher T, Bahring R, Isbrandt D, Pongs O. Coexpression of the
KCNA3B gene product with Kv1.5 leads to a novel A-type
potassium. J Biol Chem 1998; 273: 35095–35101.
42. Downen M, Belkowski S, Knowles H, Cardillo M, Prystowsky
MB. Developmental expression of voltage-gated potassium
channel beta subunits. Dev Brain Res 1999; 117: 71–80.
43. Rettig J, Heinemann SH, Wunder F, Lorra C, Wittka R, Dolly
O, Pongs O. Inactivation properties of voltage-gated K+ channels
altered by the presence of beta-subunit. Nature 1994; 369:
289–294.
44. Rhodes KJ, Monaghan MM, Barrezueta NX, Nawoschik S,
BekeleArcuri Z, Matos MF, Nakahira K, Schechter LE,
Trimmer JS. Voltage-gated K+ channel beta subunits: expression
and distribution of Kv beta 1 and Kv beta 2 in adult rat brain. J
Neurosci 1996; 16: 4846–4860.
45. Butler DM, Ono JK, Chang T, McCaman RE, Barish ME.
Mouse brain potassium channel beta 1 subunit mRNA. Cloning
and distribution during development. J Neurobiol 1998; 34:
135–150.
46. Browne DL, Gancher ST, Nutt JG, Brunt ER, Smith EA,
Kramer P, Litt M. Episodic ataxia/myokymia syndrome is associ-
ated with a point mutation in the human potassium channel
gene, KCNA1. Nature Genetics 1994; 8: 136–140.
47. Adelman JP, Bond CT, Pessia M, Maylie J. Episodic ataxia
results from voltage-dependent potassium channels with altered
functions. Neuron 1995; 15: 1449–1454.
48. Hwang PM, Glatt CE, Bredt DS, Yellen G, Snyder SH. A novel
K+ channel with unique localizations in mammalian brain—mol-
ecular-cloning and characterization. Neuron 1992; 8: 473–481.
49. Fink M, Duprat F, Lesage F, Heurteaux C, Romey G, Barhanin
J, Lazdunski M. A new K+ channel beta subunit to speciﬁcally
enhance Kv2.2 (CDRK) expression. J Biol Chem 1996; 271:
26341–26348.
50. Sekirnjak C, Martone ME, Weiser M, Deerinck T, Bueno E,
Rudy B, Ellisman M. Subcellular localization of the K+ channel
subunit Kv3.1b in selected rat CNS neurons. Brain Res 1997;
766: 173–187.
r51. Perney TM, Marshall J, Martin KA. Expression of the messenge
RNAs for the KV3.1 potassium channel gene in the adult and
developing rat brain. J Neurophysiol 1992; 68: 756–766.
52. Weiser M, Demiera EVS, Kentros C, Moreno H, Franzen L,
Hillman D, Baker H, Rudy B. Differential expression of shaw-
related K+ channels in the rat central nervous system. J Neurosci
1994; 14: 949–972.
53. Shibata R, Wakazono Y, Nakahira K, Trimmer JS, Ikenaka K.
rExpression of Kv3.1 and Kv4.2 genes in developing cerebella
granule cells. Dev Neurosci 1999; 21: 87–93.
54. Sabatini BL, Regehr WG. Control of neurotransmitter release by
presynaptic waveform at the granule cell to Purkinje cell synapse.
J Neurosci 1997; 17: 3425–3435.
55. Espinosa F, McMahon A, Chan E, Wang S, Ho CS, Heintz N,
Joho RH. Alcohol hypersensitivity, increased locomotion, and
spontaneous myoclonus in mice lacking the potassium channels
Kv3.1 and Kv3.3. J Neurosci 2001; 21: 6657–6665.
56. Tsaur ML, Chou CC, Shih YH, Wang HL. Cloning, expression
and CNS distribution of Kv4.3, an A-type K+ channel alpha
subunit. FEBS Lett 1997; 400: 215–220.
57. Serodio P, Rudy B. Differential expression of Kv4 K+ channel
subunits mediating subthreshold transient K+ (A-type) currents
in rat brain. J Neurophysiol 1998; 79: 1081–1091.
58. An WF, Bowlby MR, Bett M, Cao J, Ling HP, Mendoza G,
Hinson JW, Mattsson KI, Strassle BW, Trimmer JS, Rhodes KJ.
Modulation of A-type potassium channels by a family of calcium
sensors. Nature 2000; 403: 553–556.
59. Holmqvist MH, Cao J, Hernandez-Pineda R, Jacobson MD,
Carroll KI, Sung MA, Betty M, Ge P, Gilbride KJ, Brown ME,
Jurman ME, Lawson D, Silos-Santiago I, Xie Y, Covarrubias M,
Rhodes KJ, Distefano PS, An WF. Elimination of fast inactiva-
tion in KV4 A-type potassium channels by an auxiliary subunit
domain. Proc Natl Acad Sci USA 2002; 99: 1035–1040.
60. Hugnot JP, Salinas M, Lesage F, Guillemare E, deWeille J,
Heurteaux C, Mattei MG, Lazdunski M. Kv8.1, a new neuronal
potassium channel subunit with speciﬁc inhibitory properties
towards shab and shaw channels. EMBO J 1996; 15: 3322–3331.
61. Castellano A, Chiara MD, Mellstrom B, Lopez-Barneo J. Identi-
ﬁcation and functional characterization of a K+ channel alpha-
subunit with regulatory properties speciﬁc to brain. J Neurosci
1997; 17: 4652–4661.
62. Salinas M, deWeille J, Guillemare E, Lazdunski M, Hugnot JP.
Modes of regulation of shab K+ channel activity by the Kv8.1
subunit. J Biol Chem 1997; 272: 8774–8780.
63. Salinas M, Duprat F, Heurteaux C, Hugnot JP, Lazdunski M.
New modulatory alpha subunits for mammalian shab K+ chan-
nels. J Biol Chem 1997; 272: 24371–24379.
f64. Stocker M, Kerschensteiner D. Cloning and tissue distribution o
two new potassium channel alpha-subunits from rat brain.
Biochem Biophys Res Commun 1998; 248: 927–934.
f65. Kramer JW, Post MA, Brown AM, Kirsch GE. Modulation o
potassium channel gating by coexpression of Kv2.1 with regula-
tory Kv5.1 or Kv6.1 alpha-subunits. Am J Physiol: Cell Physiol
1998; 43: C1501–C1510.
66. Huang XY, Morielli AD, Peralta EG. Tyrosine kinase-dependent
suppression of a potassium channel by the G protein-coupled m1
muscarinic acetylcholine receptor. Cell 1993; 75: 1145–1156.
67. Jonas EA, Kaczmarek LK. Regulation of potassium channels by
protein kinases. Curr Opin Neurobiol 1996; 6: 318–323.
f68. Saganich MJ, Machado E, Rudy B. Differential expression o
genes encoding subthreshold-operating voltage-gated K+ chan-
nels in brain. J Neurosci 2001; 21: 4609–4624.
69. Ludwig J, Weseloh R, Karschin C, Liu Q, Netzer R, Engeland B,
Stansfeld C, Pongs O. Cloning and functional expression of rat
eag2, a new member of the ether-a-go-go family of potassium
Potassium channel expression in CGNs  23
h l d i f i di ib i i h h fc anne s an  compar son o  ts str ut on w t  t at o  eag1.
Mol Cell Neurosci 2000; 16: 59–70.
70. Hoshi N, Takahashi H, Shahidullah M, Yokoyama S, Higashida
H. KCR1, a membrane protein that facilitates functional expres-
sion of non-inactivating K+ currents associates with rat eag
voltage-dependent K+ channels. J Biol Chem 1998; 273:
23080–23085.
71. Watkins CS, Mathie A. A non-inactivating K+ current sensitive to
muscarinic receptor activation in rat cultured cerebellar granule
neurons. J Physiol 1996; 491:401–412.
72. Marrion NV. Does r-eag contribute to the M current? Trends in
Neurosci 1997; 20: 243–244.
73. Mathie A, Watkins CS. Is EAG the answer to the M current?
Trends in Neurosci 1997; 20: 14.
74. Wang HS, Pan ZM, Shi WM, Brown BS, Wymore RS, Cohen
IS, Dixon JE, McKinnon D. KCNQ2 and KCNQ3 potassium
channel subunits: molecular correlates of the M-channel. Science
1998; 282: 1890–1893.
75. Tinel N, Lauritzen I, Chouabe C, Lazdunski M, Borsotto M.
The KCNQ2 potassium channel splice variants, function and
developmental expression. Brain localization and comparison
with KCNQ3. FEBS Lett 1998; 438: 171–176.
76. Kharkovets T, Hardelin J-P, Saﬁeddine S, Schweizer M, El-
Amraoui A, Petit C, Jentsch TJ. KCNQ4 a K channel mutated in
a form of dominant deafness, is expressed in the inner ear and
the central auditory pathway. Proc Natl Acad Sci USA 2000; 97:
4333–4338.
77. Lerche C, Scherer CR, Seebohm G, Derst C, Wei AD, Busch
AE, Steinmeyer K. Molecular cloning and functional expression
of KCNQ5, a potassium channel subunit that may contribute to
neuronal M current diversity. J Biol Chem 2000; 275:
22395–22400.
78. Schroeder BC, Hechenberger M, Weinreich F, Kubisch C,
Jentsch TJ. KCNQ5, a novel potassium channel broadly
expressed in brain, mediates M-type currents. J Biol Chem 2000;
275: 24089–24095.
79. Fagni L, Bossu JL, Bockaert J. Activation of a large conductance
Ca2+ dependent K+ channel by stimulation of glutamate phos-
phoinositide-coupled receptors in cultured cerebellar granule
cells. Eur J Neurosci 1991; 3: 778–789.
80. Chavis P, Ango F, Michel JM, Bockaert J, Fagni L. Modulation
of big K+ channel activity by ryanodine receptors and L-type
Ca2+ channels in neurons. Eur J Neurosci 1998; 10: 2322–2327.
81. Adelman JP, Shen KZ, Kavanaugh MP, Warren RA, Wu YN,
Lagrutta A, Bond CT, North RA. Calcium-activated potassium
channels expressed from cloned complementary DNAs. Neuron
1992; 9: 209–216.
82. TsengCrank J, Foster CD, Krause JD, Mertz R, Godinot N,
Dichiara TJ, Reinhart PH. Cloning, expression and distribution
of functionally distinct Ca2+-activated K+ channel isoforms from
human brain. Neuron 1994; 13: 1315–1330.
83. Knaus HG, Schwarzer C, Koch ROA, Eberhart A, Kaczorowski
GJ, Glossmann H, Wunder F, Pongs O, Garcia ML, Sperk G.
Distribution of high-conductance Ca2+-activated K+ channels in
rat brain: targeting to axons and nerve terminals. J Neurosci
1996; 16: 955–963.
84. Chang CP, Dworetzky SI, Wang JC, Goldstein ME. Differential
expression of the alpha and beta subuits of the large-conductance
calcium-activated potassium channel. Implication for channel
diversity. Mol Brain Res 1997; 45: 33–40.
85. Muller YL, Reitstetter R, Yool AJ. Regulation of Ca2+-dependent
K+ channel expression in rat cerebellum during postnatal devel-
opment. J Neurosci 1998; 18: 16–25.
86. Stocker M, Pedarzani P. Differential distribution of three Ca2+-
activated K+ channel subunits, SK1, SK2, and SK3, in the adult
rat central nervous system. Mol Cell Neurosci 2000; 15:
476–493.
87. Joiner WJ, Wang L-Y, Tang MD, Kaczmarek LK. hSK4, a
member of a novel subfamily of calcium-activated potassium
channels. Proc Natl Acad Sci USA 1997; 94: 11013–11018.
88. Kofuji P, Hofer M, Millen KJ, Millonig JH, Davidson N, Lester
HA, Hatten ME. Functional analysis of the weaver mutant
GIRK2 K+ channel and rescue of weaver granule cells. Neuron
1996; 16: 941–952.
89. Surmeier JD, Mermelstein PG, Goldowitz D. The weaver muta-
tion of GIRK2 results in a loss of inwardly-rectifying K+ current
in cerebellar granule cells. Proc Natl Acad Sci USA 1996; 93:
11191–11195.
90. Slesinger PA, Stoffel M, Jan YN, Jan LY. Defective GABAB
receptor-activated inwardly-rectifying K+ rcurrents in cerebella
granule cells isolated from weaver and Girk2 null mutant mice.
Proc Natl Acad Sci USA 1997; 94: 12210–12217.
91. Liesi P, Stewart RR, Wright JM. Involvement of GIRK2 in post-
natal development of the weaver cerebellum. J Neurosci Res
2000; 60: 164–173.
92. Mjaatvedt AE, Cabin DE, Cole SE, Long LJ, Breitweiser GE,
fReeves RH. Assessment of a mutation in the H5 domain o
GIRK2 as a candidate for the weaver mutation. Genome Res
1995; 5: 453–463.
93. Rossi P, De Filippi G, Armano S, Taglietti V, D’Angelo E. The
weaver mutation causes a loss of inward-rectiﬁer current regula-
tion in premigratory granule cell of the mouse cerebellum. J Neu-
rosci 1998; 18: 3537–3547.
94. Dixon AK, Gubitz AK, Ashford MLJ, Richardson PJ, Freeman
TC. Distribution of the mRNA encoding the inwardly rectifying
K+ channel, BIR1 in rat tissues. FEBS Lett 1995; 374: 135–140.
95. Liao YJ, Jan YN, Jan LY. Heteromultimerization of G-protein
inwardly rectifying K+ channel proteins GIRK1 and GIRK2 and
their altered expression in weaver brain. J Neurosci 1996; 16:
7137–7150.
96. Karschin C, Dissmann E, Stuhmer W, Karschin A. IRK(1-3)
and GIRK(1-4) inwardly rectifying K+ channel mRNAs are dif-
ferentially expressed in the adult rat brain. J Neurosci 1996; 16:
3559–3570.
r97. Karschin C, Karschin A. Ontogeny of gene expression of Ki
channel subunits in the rat. Mol Cell Neurosci 1997; 10:
131–148.
98. Lauritzen I, De Weille JD, Adelbrecht C, Lesage F, Murer MG,
Raisman-Vozari R, Lazdunski M. Comparative expression of the
inward-rectiﬁer K+ channel GIRK2 in the cerebellum of normal
and weaver mutant mice. Brain Res 1997; 753: 8–17.
99. Miyashita T, Kubo Y. Localization and developmental changes
of the expression of two inward rectifying K+-channel proteins in
the rat brain. Brain Res 1997; 750: 251–263.
100. Murer G, Adelbrecht C, Lauritzen I, Lesage F, Lazdunski M,
Agid Y, Raisman-Vorazi R. An immunocytochemical study on
the distribution of two G-protein-gated inward rectiﬁer potas-
sium channels (GIRK2 and GIRK4) in the adult rat brain. Neu-
rosci 1997; 80: 345–357.
101. Navarro B, Kennedy ME, Velimirovic B, Bhat D, Peterson AS,
Clapham DE. Nonselective and Gbg-insensitive weaver K+ chan-
nels. Science 1996; 272: 1950–1953.
102. Horio Y, Morishige K, Takahashi N, Kurachi Y. Differential dis-
tribution of classical inwardly rectifying potassium channel
mRNAs in the brain: Comparison of IRK2 with IRK1 and IRK3.
FEBS Lett 1996; 379: 239–243.
103. Topert C, Doring F, Wischmeyer E, Karschin C, Brockhaus J,
Ballanyi K, Derst C, Karschin A. Kir2.4: A novel K+ inward rec-
tiﬁer channel associated with motoneurons of cranial nerve
nuclei. J Neurosci 1998; 18: 4096–4105.
104. Karschin C, Ecke C, Ashcroft FM, Karschin A. Overlapping dis-
tribution of KATP channel-forming Kir6.2 subunit and the
sulphonylurea receptor SUR1 in rodent brain. FEBS Lett 1997;
401: 59–64.
105. Thomzig A, Wenzel M, Karschin C, Eaton MJ, Skatchkov SN,
Karschin A, Veh RW. Kir6.1 is the principal pore-forming
subunit of astrocyte but not neuronal plasma membrane K-ATP
channels. Mol Cell Neurosci 2001; 18: 671–690.
106. Pessia M, Imbrici P, D’Adamo C, Salvatore L, Tucker SJ. Dif-
ferential pH sensitivity of Kir4.1 and Kir4.2 potassium channels
and their modulation by heteropolymerisation with Kir5.1. J
Physiol 2001; 532: 359–367.
107. Slesinger PA, Patil N, Liao YJ, Jan YN, Jan LY, Cox DR. Func-
tional effects of the mouse weaver mutation on G-protein-gated
inwardly rectifying K+ channels. Neuron 1996; 16: 321–331
108. Reeves RH, Crowley MR, Lorenzon N, Pavan WJ, Smeyne RJ,
Goldowitz D. The mouse neurological mutant weaver maps
within the region of chromosome-16 that is homologous to
human chromosome-21. Genomics 1989; 5: 522–526.
109. Doyle DA, Cabral JM, Pfuetzner RA, Kuo A, Gulbis JM, Cohen
SL, Chiat BT, MacKinnon R. The structure of the potassium
channel: molecular basis of K+ conduction and selectivity.
Science 1998; 280: 69–77.
24  A Mathie, CE Clarke, KM Ranatunga, EL Veale
d hi hibi i f h i110. Boy  DF, Mat e A. In t on o  t e potass um current IKSO, in
cerebellar granule cells, by the inhibitors of MEK1 activation,
PD 98059 and U 0126. Neuropharmacol 2002; 42: 221–228.
111. Boyd DF, Millar JA, Watkins CS, Mathie A. The role of Ca2+
stores in the muscarinic inhibition of the K+ current IKSO in
neonatal rat cerebellar granule cells. J Physiol 2000; 529:
321–331.
112. Millar JA, Barratt L, Southan AP, Page KM, Fyffe REW,
Robertson B, Mathie A. A functional role for the two-pore
domain potassium channel, TASK-1, in cerebellar granule
neurons. Proc Natl Acad Sci USA 2000; 97: 3614–3618
113. Maingret F, Patel AJ, Lazdunski M, Honore E. The endo-
cannabinoid anandamide is a direct and selective blocker of the
background K+ channel TASK-1. EMBO J 2001; 20: 47–54.
114. Lauritzen I, Blondeau N, Heurteaux C, Widmann C, Romey G,
Lazdunski M. Polyunsaturated fatty acids are potent neuropro-
tectors. EMBO J 2000; 19: 1784–1793
115. Lesage F, Lazdunski M. Molecular and functional properties of
two-pore-domain potassium channels. Am J Physiol Renal
Physiol 2000; 279: F793–F801.
116. Patel AJ, Honore E. Properties and modulation of mammalian
2P domain K+ channels. Trends Neurosci 2001; 24: 339–346.
117. Lesage F, Guillemare E, Fink M, Duprat F, Lazdunski M,
Romey G, Barhanin J. TWIK-1, a ubiquitous human weakly
inward rectifying K+ channel with a novel structure. EMBO J
1996; 15: 1004–1011.
118. Chavez RA, Gray AT, Zhao BB, Kindler CH, Mazurek MJ,
Mehta Y, Forsayeth JR, Yost CS. TWIK-2, a new weak inward
rectifying member of the tandem pore domain potassium channel
family. J Biol Chem 1999; 274: 7887–7892.
119. Patel AJ, Maingret F, Magnone V, Fosset M, Lazdunski M,
Honore E. TWIK-2, an inactivating 2P domain K+ channel. J
Biol Chem 2000; 275: 28722–28730
120. Reyes R, Duprat F, Lesage F, Fink M, Salinas M, Farman N,
Lazdunski M. Cloning and expression of a novel pH-sensitive
two pore domain K+ channel from human kidney. J Biol Chem
1998; 273: 30863–30869.
121. Kim Y, Bang H, Kim D. TASK-3, a new member of the tandem
pore K+ channel family. J Biol Chem 2000; 275: 9340–9347.
122. Rajan S, Wischmeyer E, Liu GX, Preisig-Muller R, Daut J,
Karschin A, Derst C. TASK-3, a novel tandem pore domain
acid-sensitive K+ channel. J Biol Chem 2000; 275: 16650–16657.
123. Meadows HJ, Randall AD. Functional characterization of human
TASK-3, an acid-sensitive two-pore domain potassium channel.
Neuropharmacol 2001; 40: 551–559.
124. Decher N, Maier M, Dittrich W, Gassenhuber J, Bruggemann A,
Busch AE, Steinmeyer K. Characterization of TASK-4, a novel
member of the pH-sensitive, two-pore domain potassium
channel family. FEBS Lett 2001; 492: 84–89
125. Ashmole I, Goodwin PA, Stanﬁeld PR. TASK-5 a novel member
of the tandem pore K+ channel family. Pﬂugers Archiv 2001;
442: 828–833.
126. Kim D, Gnatenco C. TASK-5, a new member of the tandem-
pore K+ channel family. Biochem Biophys Res Commun 2001;
284: 923–930.
127. Vega-Saenz De Miera E, Lau DHP, Zhadina M, Pountney D,
Coetzee WA, Rudy B. KT3.2 and KT3.3, two novel human two-
pore K+ channels closely related to TASK-1. J Neurophysiol
2001; 86: 130–142.
128. Karschin C, Wischmeyer E, Preisig-Muller R, Rajan S, Derst C,
Grzeschik K-H, Daut J, Karschin A. Expression pattern in brain
of TASK-1, TASK-3 and a tandem pore domain K+ channel
subunit, TASK-5, associated with the central auditory nervous
system. Mol Cell Neurosci 2001; 18: 632–648.
129. Duprat F, Lesage F, Fink M, Reyes R, Heurteaux C, Lazdunski
M. TASK, a human background K+ channel to sense external
pH variations near physiological pH. EMBO J 1997; 16:
5464–5471.
130. Girard C, Duprat F, Terrenoire C, Tinel N, Fosset M, Romey
G, Lazdunski M, Lesage F. Genomic and functional character-
istics of novel human pancreatic 2P domain K+ channels.
Biochem Biophys Res Commun 2001; 282: 249–256.
131. Fink M, Duprat F, Lesage F, Reyes R, Romey G, Heurteaux C,
Lazdunski M. Cloning, functional expression and brain localiza-
tion of a novel unconventional outward rectiﬁer K+ channel.
EMBO J 1996; 15: 6854–6862.
132. Fink M, Lesage F, Duprat F, Heurteaux C, Reyes R, Fosset M,
Lazdunski M. A neuronal two P domain K+ channel stimulated
Jby arachidonic acid and polyunsaturated fatty acids. EMBO 
1998; 17: 3297–3308.
133. Bang H, Kim Y, Kim D. TREK-2, a new member of the
mechanosensitive tandem-pore K+ channel family. J Biol Chem
2000; 275:17412–17419
134. Rajan S, Wischmeyer E, Karschin C, Preisig-Muller R,
Grzeschik KH, Daut J, Karschin A, Derst C. THIK-1 and
THIK-2, a novel subfamily of tandem pore domain K+ channels.
J Biol Chem 2001; 276: 7302–7311.
135. Bushell T, Clarke C, Mathie A, Robertson B. Pharmacological
characterization of a non-inactivating outward current observed
in mouse cerebellar Purkinje neurones. Br J Pharmacol 2002;
135: 705–712.
136. Salinas M, Reyes R, Lesage F, Fosset M, Heurteaux C, Romey
G, Lazdunski M. Cloning of a new mouse two-P domain channel
subunit and a human homologue with a unique pore structure. J
Biol Chem 1999; 274: 11751–11760.
137. Talley EM, Solorzano G, Lei Q, Kim D, Bayliss DA. CNS distri-
bution of members of the two-pore-domain (KCNK) potassium
channel family. J Neurosci 2001; 21: 7491–7505.
138. Medhurst AD, Rennie G, Chapman CG, Meadows H, Duck-
worth MD, Kelsell RE, Gloger II, Pangalos MN. Distribution
analysis of human two pore domain potassium channels in tissues
of the central nervous system and periphery. Brain Res Mol
Brain Res 2001; 86: 101–114
139. Brickley SG, Revilla V, Cull-Candy SG, Wisden W, Farrant M.
Adaptive regulation of neuronal excitability by a voltage-
independent potassium conductance. Nature 2001; 409: 88–92.
140. Hervieu GJ, Cluderay JE, Gray CW, Green PJ, Ranson JL,
fRandall AD, Meadows HJ. Distribution and expression o
TREK-1, a two-pore-domain potassium channel, in the adult rat
CNS. Neurosci 2001; 103: 899–919.
141. Gu W, Schlichthorl G, Hirsch JR, Engels H, Karschin C,
Karschin A, Derst C, Steinlein OK, Daut J. Expression pattern
and functional characteristics of two novel splice variants of the
two-pore domain potassium channel TREK-2. J Physiol 2002;
539:657–668.
142. Han J, Truell J, Gnatenco C, Kim D. Several tandem-pore K+
rchannels contribute to the background current in cerebella
granule neurons. Biophys J 2002; 82: 636a.
143. Czirjak G, Enyedi P. Formation of functional heterodimers
between the TASK-1 and TASK-3 two-pore domain potassium
channel subunits. J Biol Chem 2002; 277: 5426–5432.
144. GoldmanWohl DS, Chan E, Baird D, Heintz N. KV3.3B — A
novel shaw type potassium channel expressed in terminally differ-
entiated cerebellar Purkinje cells and deep cerebellar nuclei. J
Neurosci 1994; 14: 511–522.
145. McNamara NMC, Averill S, Wilkin GP, Dolly JO, Priestley JV.
Ultrastructural localization of a voltage-gated K+ channel alpha
subunit (KV1.2) in the rat cerebellum. Eur J Neurosci 1996; 8:
688–699.
146. Shu-Cheng C. Ehrhard P, Goldowitz D, Smeyne RJ. Develop-
mental expression of the GIRK family of inward rectifying potas-
sium channels: implications for abnormalities in the rweave
mutant mouse. Brain Res 1997; 778: 251–264.
147. Kindler CH, Pietruck C, Yost CS, Sampson ER, Gray AT.
Localization of the tandem pore domain K+ channel TASK-1 in
the rat central nervous system. Brain Res Mol Brain Res 2000;
80: 99–108
148. Talley EM, Lei QB, Sirois JE, Bayliss DA.  TASK-1, a two-pore
domain K+ channel, is modulated by multiple neurotransmitters
in motoneurons. Neuron 2000; 25: 399–410.
149. Gabriel A, Abdallah M, Yost CS, Winegar BD, Kindler CH.
Localization of the tandem pore domain K+ channel KCNK5
(TASK-2) in the rat central nervous system. Mol Brain Res
2002; 98:153–163.
Potassium channel expression in CGNs  25
